This paper is the second of a two part study, which aims to evaluate the performance of adaptive insulation. Part 1 proposes a simulation framework for optimising adaptive insulation design and control parameters, it describes its implementation, and validates the simulation strategy qualitatively. This second paper applies the simulation framework, by means of a parametric study on a specific building typology in a particular climatic region, to explore the potential of adaptive insulation in this context. Alternative adaptive insulation configurations and control strategies for opaque wall applications are evaluated, for an office room in a temperate climate of Shanghai, in order to optimise two design objectives: total primary energy saving and thermal comfort. It is found that adaptive insulation, when properly designed and controlled, has significant potential to improve both design objectives simultaneously. For the case study considered in this paper, yearly energy savings and thermal comfort improvements of up to 50% could be achieved by adaptive insulation compared to an equivalent astatic insulation alternative. The performance improvements of the adaptive insulation depend on the design choices (thermal mass, position of the adaptive insulation, switching range of insulation) and control strategy adopted.
Introduction
Adaptive insulation provides an opportunity to reduce building energy use while improving the environmental quality, but there is a lack of information about its performance. When integrated into a building, its potential to reduce building energy use and improve indoor thermal comfort depends on many parameters, such as the range of achievable heat transfer coefficients, the way it interacts with thermal inertia, the control strategies adopted for its operations.
Although several technologies have been developed, as reviewed in Part I of this study titled "Design and control optimisation of adaptive insulation systems for office buildings. Part 1: adaptive technologies and simulation framework", only few of them are assessed in terms of their building-integrated performance. Pflug et al. [1] evaluated the heating and cooling energy saving potential of a translucent dynamic insulation panel, for an office room in a temperate continental climate with a cold winter and a hot summer (Ludwigshafen, Germany). Two different insulation switching ranges, controlled by the temperature difference between indoor and outdoor environment, are compared to a conventional insulated building. The results show that only an 8% energy reduction can be achieved compared to the static solution, while 10% could be achieved by means of the static solution with additional free cooling. Moreover, if the insulation switching range is increased slightly, up to 20% energy reduction could be achieved, beyond what it is achievable with free cooling. Analogously thermal comfort could be significantly improved by dynamic insulation compared to both static insulation and static insulation with free cooling. Berge et al. [2] used a simplified thermal network to assess the reduction in energy use for an office building located in the cold climate of Helsinki. In this case dynamic insulation with an increasing adaptive thermal resistance range, controlled according to the occurrence of heating or cooling loads in the indoor environment, was simulated. Given the climate characteristics and that no thermal capacity of the building was considered in the building simulation model, only cooling energy use could be reduced depending on the lowest value of thermal resistance that could be achieved by dynamic insulation.
These studies provide forms of building performance analysis limited to one specific technological solution, adopting a single specific control strategy. In addition, the possible mutual influence of the physical characteristics and the control of the dynamic insulation on the performance of the adaptive building envelope has been overlooked. This dependency is demonstrated for other cases of adaptive façades technologies, such as smart glazing, as in Refs. [3e6] . Although these latter papers analysed a different adaptive façade technology, they all highlight that the performance of a building adopting such a dynamic building envelope system strongly depends on the control strategy. Nevertheless the influence of the control strategy during adaptive façade operations on the optimal design characteristics of the adaptive systems (i.e. geometry, thermal and optical properties, physical characteristics of the building envelope element, position of the adaptive technology in the building envelope etc.) is generally overlooked as well.
The present paper is the second part of a two-part paper which endeavors to evaluate the potential building performance improvements of adaptive insulation in the opaque portion of the building envelope. In the first part the need to evaluate not only design options but also control parameters was discussed. For this purpose an innovative simulation framework and its implementation parameters were described. Finally the specific model adopted to simulate the adaptive insulation component was validated qualitatively.
In this second part the methodology and simulation framework are adopted to investigate the performance of an opaque adaptive insulation integrated in the South oriented façade of an office reference room in the temperate climate of Shanghai. The influence of different design and control parameters on the performance of adaptive insulation are explored by means of a parametric study. The results could guide possible future product development and building integration of such technologies.
In the second section of this paper the methodology for this case study is outlined, followed by the description of the parameters relative to the implementation of the simulation framework for this specific case study in the third section. Finally the results from the design and control optimisation are presented.
Methodology
The aim of this paper is to analyse the influence of design and control parameters of a dynamic insulation system on building performance (building energy use and thermal comfort). This is applied to a case study of adaptive insulation design, for an office room in the temperate climate scenario of Shanghai, China. Details of the office model can be found in Section 5.1 in Part 1. The fuel factors for natural gas f NG and electricity f El are 1.0012 and 1.0005, respectively, which were calculated from GB/T 2589 [7] . No information is found in literature about the energy cost of operating a dynamic insulation system, which could largely depend on the sensors and actuators needed to operate the adaptive façade. This is therefore not considered in this analysis.
The methodology consists in comparing the performance of different adaptive insulation design alternatives, which are all operated according to alternative control strategies, by building performance simulation, adopting the bi-level approach presented in the part-one paper. This consists in evaluating/optimising alternative design options and different control strategies at the same time. In contrast with the "Bi-level" optimisation process described by Evins [8] , a parametric analysis is performed here on both levels, i.e. each design alternative is evaluated with all different control alternatives and vice-versa. No design and operational parameters are considered for the HVAC level at this stage, even though it is acknowledged that the way the energy is transformed at the building site, or at the source, could affect optimal adaptive building envelope design and operations. In this section the design variables and control strategies considered are described (Section 2.1). Secondly the performance objectives used to optimise design characteristics and operations of the adaptive insulation are detailed (Section 2.2). Subsequently, the parameters adopted for the implementation of optimised control strategies are described (Section 2.3).
Design and control variables
The parametric study aims to analyse the influence of design parameters of the adaptive insulation system as well as its control on building performance. The design variables are: 1) the layering of the opaque construction, more specifically the position of the adaptive insulation layer with respect to the thermal mass, the amount of thermal mass in general and its surface exposure to the internal or external environment; 2) the magnitude of the adaptive insulation switching range; 3) different control strategies of the adaptive insulation are considered, based on previous studies or optimised control strategies.
As far as the layering of the construction and amount of thermal mass is concerned, 8 different design alternatives are compared (Table 1 and Fig. 1 ) for an opaque wall with high (1e7) and low (8) 4. wholly on the external side of the thermal mass layer; 5. wholly on the internal side of the thermal mass layer; 6. and 7. in the middle of the thermal mass layer (7. presents an additional air cavity and external masonry wall); 8. in the middle of two glass layers, representing a spandrel panel in a curtain wall construction.
The insulation layer, wherever present, can be either a conventional "static" insulation, or be actively controlled according to a specific control strategy. In particular, the insulation can switch from its maximum value (from Table 2 ) to its minimum value (no insulation at all), corresponding to a value of 1 or 0, respectively. Although different switching ranges are tested, the maximum insulation level achievable is kept constant and the minimum value is varied according to Table 2 . The comparison between the adaptive insulation switching ranges adopted in this study and the switching ranges of the technologies available in literature is shown in Fig. 2 (switching ranges A to E). For each alternative design of opaque wall and switching range, six different control strategies are compared. The control strategies for adaptive insulation commonly available in literature are all based on control rules considering past and present states of the building and/or building envelope system (rule based control), such as heating and cooling demand [9] , difference between indoor and outdoor temperature [10] , difference between wall surface temperature and indoor heating and cooling set-point [11, 12] . More advanced control strategies could be considered which minimise a cost function (such as energy use and/or thermal discomfort) [13] . In the present paper the following control strategies are compared for each design alternative: C1 -Conventional "Static" insulation, according to the thermal characteristics presented in Table 1 . This control alternative is considered as a reference for the other adaptive insulation options; C2 -Adaptive insulation with demand control: the insulation is switched to its minimum value when cooling demand is present in the indoor environment: if Q cool > 0 W/m 2 (Τ_ room > 26 C), then 
C MPC -Adaptive insulation with optimised control sequence: the control sequence of the adaptive insulation is optimised based on the minimisation of one or more cost functions, which in this study are the performance objectives described in Section 2.2. This control technique is usually referred as Model Predictive Control (MPC) or Receding Horizon Control (RHC) [13] . In particular RHC is a feedback non-linear control technique, that solves an optimisation problem at each time step of the simulation/operation to determine the control sequence (sequence of optimal adaptive building envelope properties) over a certain time horizon (planning horizon), by minimizing a specified objective function on a certain cost horizon. The cost horizon comprises the planning horizon and a prediction horizon. The prediction horizon is used to include the effect of varying material properties during the planning horizon on building performance in the subsequent period. This is due to the delayed thermal response of the building to a control action on the adaptive insulation. Details of the implementation of MPC to adaptive insulation can be found in Section 3.1 of Part 1, while the main parameters for its implementation are described in Section 3.2.1 and 3.2.3 of Part 1. Particularly, the days with the highest hourly variation of climate boundary conditions (temperature and perpendicular solar radiation) during the year are chosen to give a deeper insight into the performance of the different control strategies simulated.
The combination of all the design variables (position of adaptive insulation, amount of thermal mass and switching range of adaptive insulation), control strategies and reference cases amounts to a variable space of 175 analysis, of which 30 require a control optimisation (C MPC) to be performed. In addition, a zone energy balance analysis is also performed for design alternative 4 with static performance properties and MPC on a seasonal basis to investigate the effectiveness of adaptive insulation.
Performance objectives
The two main objectives of adopting an adaptive insulation are to reduce total primary energy use and to improve global thermal comfort:
1. Objective One is to minimise the primary energy use E tot , as a sum of heating, cooling and lighting primary energy use (E h , E c , E l respectively). E tot is calculated according to Eq. (1), taking into account the HVAC efficiencies and the fuel factors detailed in the previous section:
2. Objective Two is to maximise global thermal comfort of the office room. This is evaluated according to the Long-term Percentage of Dissatisfied (LPD) developed in Ref. [14] . The objective is to minimise LPD. The use of different possible and more immediate comfort indexes for the parametric design evaluation and the control optimisation was evaluated (such as indexes considering operative temperature or PMV ranges unmet hours [15] ). Even though these could provide a better understanding of the effect of the use of an adaptive insulation, their intrinsic characteristics (such as discontinuity and asymmetry [16] ) and the need to define threshold temperatures to take into account for overheating and overcooling phenomena, make them unsuitable for the control optimisation task. The LPD index is a symmetric and continuous index, and it better estimates predicted thermal response of a typical individual based on Fanger's comfort theory [17] , making into suitable for the control optimisation task [18] . It measures the average Percentage of People Dissatisfied (PPD) by the thermal perception by weighting the PPD on the number of occupied rooms in a building, the occupation rate of each room (occ) and the duration of the evaluation (h is the single time step, T is the total number of time step for each evaluation). The use of comfort indexes (i.e. LPD, PMV or unmet operative temperature hours) implies different assumptions over physical variables not calculated by the simulation engine (such as air speed), but also physiological and behavioural occupants' parameters (such as metabolic activity and clothing). Within the present case study parameters generally adopted by literature and other researchers are considered. A metabolic rate for office activity of 
For the present case study, from a thermal comfort perspective the use of the adaptive insulation compared to a static one, as documented in the following Section 3.1 in Part 1 and Section 3.2 in this paper, has effect only on the internal surface temperature of the controlled wall and the internal air temperature. Therefore to have a better understanding of the performance of an adaptive insulation, along with the LPD which is adopted for its suitability for the sake of the control optimisation, other indoor environment local discomfort indicators are reported with the results (Table 4 and  Table A .1). These are the number of occupied hours in which the operative temperature is below the heating set point (3) and above the cooling set point (4), multiplied by the intensity of this deviation from the set point temperatures, as described in Ref. [20] . Moreover it was established that radiant temperature asymmetry thresholds of 23 C for warm walls and 10 C for cold walls were not exceeded [21] .
where
These performance objectives are evaluated for a whole year of building operations (from 1st January to 31st December), by means of the building simulation tool detailed in Section 3.1 of Part 1.
Parameters for the implementation of optimised control strategies 2.3.1. Time horizons
In order to establish the optimal length of the pre-conditioning horizon a parametric study was carried out to quantify the influence of the length of pre-conditioning on the energy balance of typical days in the four different seasons. For this case, since no window solar/visible properties were changed during the simulation runtime [22, 23] , 10 days preconditioning horizon was sufficient to ensure convergence of the energy balance of the room in different seasons. The total horizon for the moving horizon building performance simulation (level 4) for each control optimisation is given by the sum of preconditioning, planning and termination horizons, which for the present study is 13 days.
Population size and number of generations
The NSGA II algorithm [24] was used to solve the control optimisation problem. Mutation and crossover probability advised in Ref. [24] are not changed from the original formulation of the NSGA II algorithm. A convergence test was carried out to find the optimal population size (Pop) and number of generation (Gen) for the optimisation analysis by running multiple one-day simulations (on the same day) and study the convergence of the Pareto Front by means of the hyper volume indicator, for different sizes of the variable space. Each test was run for three times to ensure the convergence at the corresponding Gen. The results are shown in Table 3 . Pop ¼ 50, Gen ¼ 10 and Pop ¼ 100, Gen ¼ 15 are selected for 12-and 24-variable models, respectively, to minimise the total computational time while obtaining a good approximation of the Pareto Front. Therefore, the total computational time for 12-variable and 24 variable models are 34 h and 98 h, respectively, using a Windows-based PC with a 1.70 GHz processor and 8GB of RAM.
TOPSIS approach and frequency of controlling the adaptive insulation
For each planning horizon (1 day) a Pareto Front (PF) is generated. The TOPSIS approach (Technique for Order Preference by Similarity to the Ideal Solution) [25] was adopted to choose one control solution according to more than one performance objectives, in order to move the simulation forward in time.
The optimisation problem to be solved for each cost horizon can therefore be written as:
minE TOT minLPD with R INS;t ¼ ½R min ; R max (6) where R INS,t is the variable adaptive insulation layer resistance for each time interval of the planning horizon, that can vary between R min and R max , defined in Section 2.1 (cf. Fig. 2) ; t is the number of control actions (optimisation variables) in one planning horizon (1 day), a higher value of t will require longer optimisation computational time for each planning horizon, and consequently for the whole yearly simulation to be completed.
Therefore, a parametric study was carried in order to: a) identify the most effective frequency of controlling the adaptive insulation when MPC is adopted; b) assess the effect of the control decision making criteria on the building performance when dealing with conflicting requirements; c) explore how to reduce the computational time for simulating the yearly performance of the MPC control without affecting the final results (maximum building performance achievable).
The control parameters varied in this parametric study are: a) the adaptive insulation frequency, from 1 control action per day (Daily frequency ¼ 1) to one control action per hour (Daily frequency ¼ 24); b) the Decision Making Criteria (DMC) for selecting one control solution in the Pareto Front, either lowest energy consumption (DMC1), or highest thermal comfort (DMC2), or the multi criteria TOPSIS approach (DMC3).
For each insulation adaptive frequency, except the hourly one, an exhaustive search of the optimal control sequence is performed in order to produce results which are independent of the optimisation algorithm parameters. While for the hourly frequency an optimisation was carried out adopting NSGA II. This study was carried out for the largest adaptive insulation switching range (RE), as shown in Fig. 2 . Fig. 3 and Table 4 show the results of this parametric analysis for three consecutive days in winter (31 Jan e 2 Feb). These 3 days are chosen as they have the largest hourly variation in terms of boundary conditions (i.e. outdoor temperature and total solar radiation perpendicular to the South oriented wall), and will therefore generate the largest benefit from a faster adaptive frequency.
The three trends in Fig. 3 represent the three criteria for selecting a control sequence: on the x-axis the alternative adaptive frequencies are represented, the building energy use is represented on the primary y-axis, while the long-term percentage of dissatisfied from the thermal comfort is represented on the secondary yaxis. Each bar represents the performance variation of a specific adaptive frequency according to the relative performance criteria analysed. For example, for the objective of reducing energy use, the lowest energy use is achieved by DMC1 which minimises energy use, while the highest by DMC2 which maximises thermal comfort. DMC3 achieves a trade-off between the two conflicting performance objectives.
As far as the frequency is concerned, for all the DMCs analysed, there is no significant performance improvement for a control frequency higher than daily frequency ¼ 12. The lowest E TOT is achieved by DMC1 with daily frequency ¼ 12, while no further improvement is achieved with higher frequencies. The lowest LPD is achieved for daily frequency ¼ 12 with DMC2. Therefore, for the parametric study in this paper, one control action every 2 h is performed for the MPC control, because it reduces energy use to the lowest extent and long-term thermal discomfort without increasing computational time.
As far as the decision making criteria is concerned, the difference between DMC1, 2 and 3 is an indication of the difference of MPC performance adopting either single objective optimisation (minimizing energy use, DMC1, or thermal discomfort only, DMC2), or a multi-objective one. As expected the lowest energy use is given by DMC1, and lowest thermal discomfort by DMC2. Analogously the highest energy use is given by DMC2, and highest thermal discomfort by DMC1. Even if the evaluation is presented for a winter scenario (31st Jan e 2nd Feb) when the two objectives are not expected to conflict, adopting DMC1 (minimisation of energy) increases the average percentage of people dissatisfied during the occupied period. On the other hand DMC2 (maximisation of global thermal comfort) does not decrease building energy use compared to the slower adaptive case (daily frequency ¼ 1), even with high adaptive insulation frequency. This difference is expected to increase when the two objectives are in conflict more a larger amount of time (i.e. mid-season and summer). DMC3, in contrast, is able to provide, by applying the TOPSIS decision making approach to the specific multi-objective control optimisation, a good trade-off between reduction of energy use and improvement of thermal comfort, even if a higher performance could be achieved as far as each individual objective is considered. In fact DMC3 presents a significant reduction of total energy use, without decreasing the thermal comfort performance. The lowest E TOT is achieved with daily frequency ¼ 12, although with the highest thermal discomfort for DMC3, which is anyway only 0.5% higher than the static insulation performance for those days (daily frequency ¼ 1). Therefore for the MPC control DMC3 will be adopted for the design and control optimisation case study.
Results
The results of the design and control parametric evaluation of an adaptive insulation systems are divided into three parts: a) the analysis of the performance of the static insulation design alternatives (Control C1) aims at evaluating the building performance of the static reference design alternatives, and specifically the relationship between the two performance objectives when a conventional static solution is adopted (Section 3.1); b) the comparison between static insulation (C1) and adaptive insulation with different control strategies (Control C2 to MPC) (Section 3.2) provides a closer insight into the differences between static and adaptive insulation, as well as the differences in performance between control strategies; c) the effect of different design alternatives, control strategies and switching ranges of energy use and thermal comfort (Section 3.3), provides a detailed account of the case study with the aim of optimising both design characteristics and control aspects of an opaque wall integrated with adaptive insulation.
Performance of static insulation design alternatives -reference cases
In Fig. 4 the long term thermal discomfort (LPD) is compared with the total energy use, while additional information is available in Table 5 , such as the break down between primary energy use for heating, cooling and lighting, the overheating and overcooling indexes. The variability of the performance due to a change in the amount of static insulation is also presented in Fig. 4 and Table 5 . In  Fig. 4 , The insulation thickness is varied from 0% (1 UN_INS), to 50% (smaller data points), 100% and 200% (larger data points) compared to the cases in Table 1 , for each design alternative.
Depending on the amount and position of the static insulation layer relative to the thermal mass, as well as the amount of thermal mass the total energy use of the office building can vary between 78 and 112 kWh/m 2 (lighting energy demand is constant at 21.9 kWh/ m 2 ), while the long term discomfort index can vary between 10 and 23%. The variability of the total energy use is due to the sensitivity of the heating and cooling energy use to the design of the exposed opaque wall (amount of insulation and thermal mass, and their position). For heavy weight walls, when the insulation is exposed to the outdoor environment the heating energy use varies between 62 and 20 kWh/m 2 y, conversely the cooling energy use varies between 12 and 38 kWh/m 2 y. This sensitivity is reduced significantly for both heating and cooling, if the insulation is not exposed externally, or insufficient thermal mass is exposed internally. The sensitivity of LPD is similarly affected by the position and amount of the insulation layer. Whenever the insulation is external, the amount of hours with overheating risk (OH h ) increases due to an increase in the exposed wall surface temperature during summer (also resulting in higher cooling energy use), although the number of hours with overcooling risk (OC h ) decrease slightly. Instead when thermal mass is exposed to the external environment, the LPD is much less sensitive to the variation of the amount of static thermal insulation, analogously to heating and cooling energy use, as more stable internal wall surface temperatures are present.
The best case as far as LPD and energy use among the design alternatives with only one static insulation layer is represented by case 4, i.e. insulation on the external side of the thermal mass. When the insulation is distributed on both sides of the thermal mass (2 INS_HW and 3 INS_HW_2), the reduction in heating energy use is larger, in absolute terms, than the increase in cooling energy use. This results in a simultaneous significant decrease in total primary energy use, and a higher increase in LPD (due to higher overheating risk).
In general a larger amount of insulation does not necessarily produce lower yearly energy use and higher year-long thermal comfort, as the two objective may be conflicting. A closer analysis reveals that increasing the amount of static thermal insulation results in lower heating energy use, but above a certain threshold, cooling energy use and overheating risk are increased (such as for design alternative 2 and 3). Although the amount of insulation, thermal mass and their relative position could be optimised to reduce the yearly performance in terms of energy use and thermal comfort, inevitably, above a certain threshold depending on local conditions, an increase in the amount of insulation, wherever it is placed, although decreasing heating energy use will result in larger cooling loads and overheating risk due to the increased internal surface temperature of the exposed wall. Therefore improvements in energy use and thermal comfort could arise from adaptive thermal insulation, this will be documented in the next sections. Fig. 4 . Static insulation performance for the different 8 design alternatives (þ100% and À50% of the insulation thickness).
Reference of alternative control strategies
In general the effect of controlling the level of insulation in the sun-exposed opaque wall is to modulate its thermal resistance. This has the effect of decreasing the unwanted heat losses (during winter) or gains (during summer), but also to increase the desirable heat gains (in winter) and losses (in summer). Another very significant effect is to control the amount of solar energy that can be stored in the thermal mass of the opaque wall construction and that can be released to the internal environment when needed. From the internal environment perspective, all these effects cause a variation of the wall internal surface temperatures, which can modulate the radiant and convective heat exchange between the wall and the indoor environment (affecting the energy use for heating and cooling of the building), but also the thermal sensation of the building occupants. This capability of the adaptive insulation, and the extent of building performance improvements depends on design parameters of the adaptive insulation system and the control strategy adopted.
This section focuses on the comparison between alternative control strategies, in order to understand the behaviour and performance of an opaque wall with adaptive insulation. Six control strategies are compared in detail for design alternative 4, while some information about other design alternatives is provided at the end of this section.
In Fig. 5 three days in winter (5.a), summer (5.b) and mid-season (5.c) are compared. In the top tier graphs of Fig. 5 the control strategy is shown (on the secondary y-axis, 0 for no insulation and 1 for maximum insulation), together with the total building loads (heating, cooling and lighting). In the middle tier graphs the temperatures of the indoor surface of the adaptive insulation wall are represented, in order to provide a better understanding of the main factors influencing the performance of the adaptive insulation system. In the bottom tier graphs the corresponding outdoor (temperature and South vertical solar radiation) and indoor (air temperature) boundary conditions are shown. In Fig. 5 , depending on the season, some results of specific control strategies are omitted as identical to others: during winter, C2 and C3 control strategies are identical to the static control; in summer C3, C4 and C5 are similar to the static control; in the mid-season C2, C3 and C4 operate the adaptive insulation in the same way.
During winter negligible differences are present for the building loads and for the internal wall temperatures between the static alternative and rule based controls, even though C4 and C5 vary the level of insulation during day 2, when the outdoor temperature or the wall internal temperature are above a certain threshold. Control C2 and C3 do not differ from the Static one, i.e. the insulation is always at its maximum level (1). In contrast MPC control lowers the insulation level whenever the incident solar radiation heats up the thermal mass above the heating set-point and below an upper threshold (to avoid the occurrence of discomfort due to overheating), as visible from the wall internal surface temperature trend. In fact, switching off the external insulation whenever solar radiation is available allows storage of solar energy in the heavyweight construction, thereby increasing the wall temperature (Fig. 5a , middle tier graph) and the radiant temperature of the room, significantly reducing heating energy use and improving global thermal comfort. More specifically, heating demand is eliminated (except for morning hours) but some cooling need is introduced in the afternoon of the second and third days, as visible from the air temperature trends of the MPC control.
During summer the adaptive insulation in C2 control is operated in a completely opposite way compared to MPC control. In fact C2 switches off the adaptive insulation whenever cooling loads occur in the room regardless of outdoor boundary conditions; while it is switched on during the setback period of the cooling system, even though the adaptive insulation wall internal temperature is still higher than the cooling set point, thereby increasing internal air temperatures during the night and morning and afternoon peak cooling loads, while decreasing occupant thermal comfort. In contrast, C3, C4 and C5 maintain the insulation switched on because the outside temperature and/or incident solar radiation on the South wall cause a rise of surface temperature above the cooling set point, or because of the occurrence of cooling loads. MPC, instead, increases the level of insulation during the day, preventing the heat from entering the room, while switching the insulation off when solar radiation is not present and when the outside temperature is below the wall temperature, thereby reducing cooling loads and wall internal surface temperatures. During the mid-season, unlike for summer days, C2, C3 and C4 strategies operate the adaptive insulation in a similar manner, i.e., the insulation is switched off whenever cooling loads occur in the room regardless of outdoor boundary conditions. This results in a wall internal temperature that is up to 5e6 C higher than the static insulation design alternative, and higher free running temperatures during the day thereby, decreasing global thermal comfort. On the other hand, C5 switches the insulation off whenever the wall internal temperatures are between the heating and cooling set-points, resulting in sinusoidal internal surface wall temperatures between these two thresholds, which are anyway higher than the corresponding static case during the day and lower during night. MPC operates the adaptive insulation similarly to its summer operations, increasing the insulation level during the day thereby preventing cooling demand and overheating risk, and decreasing it during the night thereby lowering the internal wall surface and air temperatures and reducing the following morning cooling demand.
Additionally, whenever an additional layer of independently controllable adaptive insulation is present on the internal side (design alternatives 2 and 3), this is operated most of the time by MPC to reduce the temperatures of the wall preventing overheating during day time, while the level of insulation is decreased at night to increase the access to the building envelope thermal mass. Conversely during winter the insulation is switched off during the day to allow solar energy stored in the sun exposed wall to enter the indoor environment, while it is increased at night to prevent heat losses. When instead a lightweight construction is analysed (8) , although operated in a similar way, the thermal comfort can only be marginally increased due to the high temperatures reached by the light weight wall when solar radiation is present, while simultaneously decreasing the amount of energy used for heating.
A zone energy balance analysis is performed for Design Alternative 4 with static performance properties and Control MPC on a seasonal basis (Fig. 6) . Although the energy balance is dominated by convective heat transfer (losses in winter and gains in summer), the use of adaptive insulation is nevertheless beneficial to heating and cooling energy demand. In winter, adaptive insulation is able to obtain nearly 6 times the heat gain and reduce heat loss by nearly 5 times, which reduces heating energy demand by 58%. Similar situation happens to spring, when the heating energy demand is reduced by 65%. In autumn, the adaptive insulation also works effectively to remove undesirable heat in the room and hence reduces cooling energy demand by 35%. In summer, since the internal heat gain and infiltration heat gain are dominating and the amount of energy that the adaptive insulation could remove is much less, cooling energy demand could only be saved by 14%. This result shows that overall adaptive insulation could significantly reduce energy demand by effectively transmitting desirable heat and block undesirable heat.
Effect of design alternatives, control strategies and switching ranges
The choice of the best control strategy for an adaptive insulation system is linked to the specific design adopted (i.e. amount of insulation and thermal mass, their relative position, adaptive insulation switching range etc.). Fig. 7 summarises the performance of all cases analysed, across the variations in construction design Fig. 7 . Performance of all design alternatives analysed, across the variations in construction design alternatives, control strategies, and switching ranges. alternatives, control strategies, and switching ranges, but keeping fixed the frequency of control action (1/2 h) and the use of multiobjective decision making criteria (TOPSIS) for the MPC control. For non-predictive control (C2, 3, 4 and 5) one control state per simulation time step is performed (1/15 min). The performance data for each design alternative are summarised in Table A1 in the appendix (including heating, cooling and lighting energy use). The colour of the table cells indicate a performance improvement (blue) or a performance decrease (red) compared to the corresponding baseline static insulation scenario. Moreover the colours are used in order to detect whether the two objectives (low energy use and low long term thermal discomfort) are in agreement for each control strategy and design alternative compared to the reference static insulation case. For example if both energy use and LPD entries are highlighted in blue, it means that both energy use and LPD are lower than the static reference case; if energy use is coloured in blue and LPD is red, it means that energy use is improved, while LPD is increased. The relative performance improvement compared to the static reference case is summarised in Table A2 , for both objectives, and for heating and cooling energy uses, making the same use of conditional formatting. Fig. 8 compares the performance of 4 design alternatives singularly. When comparing the variation of total energy demand in Figs. 7 and 8 , it should be noted that the lighting energy demand for all cases is always constant at 21.9 kWh/m 2 .
From Fig. 7 it is observed that for the investigated variable space, although the two performance objectives of reducing thermal discomfort and energy use may be conflicting when optimising a conventional static insulation systems (larger data points), it is possible to improve both objectives simultaneously by using actively controlled adaptive insulation (smaller data points). This is due to the fact that energy use and thermal comfort are not always conflicting objectives at all times, but whenever it is so, the decision making criteria TOPSIS is able to minimise both objectives. Moreover it is clearly visible that some adaptive insulation design solutions (i.e. 2, 3 and 4) yield higher performance improvements than others when they are optimally controlled. It is therefore pertinent to take a closer look as far as the performance of the different control strategies and switching ranges are concerned for each design alternative. Fig. 8 analyses the performance of design alternatives singularly (Fig. 8a, design alternative 2; Fig. 8b, 4 ; Fig. 8c, 5 ; Fig. 8d, 8 ; design alternatives 3 and 6 were excluded as they have a similar behaviour to 2 and 5 respectively). Each data point represents the performance of a specific design solution: design solutions with similar control strategy are on the same line (discontinuous lines), while the grey-scale colour of the data point indicate the switching range (the lighter the colour, the larger the switching range). The sensitivity of the yearly performance due to the amount of static insulation is shown as a continuous line (from 100% additional insulation to uninsulated), in the graphs related to each specific design alternative.
Several considerations can be drawn by comparing alternative control strategies and insulation switching ranges for each design alternative. When the adaptive insulation is placed on the outside of a heavy weight sun exposed wall (Fig. 8b) , rule based control strategies (C2, 3, 4 and 5) are largely unable to improve building performance as far as both objectives are concerned. In particular C2, which is only based on heating and cooling loads, causes an increase in both energy use and thermal discomfort, while C3, C4 and C5 although based on more boundary conditions (i.e. outdoor, indoor and wall surface temperatures) are unable to increase significantly the performance of the static insulation. This could be due to the thermal inertia of the building introducing a delay between the control action and the thermal response of the building. It should also be noted that since C1-C4 are not controlled by parameters directly related to thermal comfort (such as wall surface temperature in C5), LPD may not be minimized effectively. In contrast, adopting MPC decreases the energy use by up to 40% and improves global thermal comfort by a more modest amount (up to 10%). Increasing the switching range does not necessarily result in an improvement of both objectives, in fact increasing the switching range to a value higher than 95% (RC) can decrease global thermal comfort, caused by higher or lower surface temperatures on the wall, which might be due to a sub-optimal control strategy adopted or/and decision making (balancing out energy efficiency and thermal comfort). Moreover smaller switching ranges (i.e. 90%, RB, or 95%, RC), which are comparable with a prototype-stage technology [26] , can yield important performance improvements compared to the conventional static insulation (up to 20e25% energy use reduction and 10% comfort improvement).
If the same amount of insulation is distributed equally between two independently controllable adaptive insulation layers, on either side of the heavy weight construction (design alternative 2 and 3, Fig. 8a ) control C2 and C3 are able to increase global thermal comfort for a much larger extent than energy efficiency, while C4 and C5 are only able to increase thermal comfort, reducing mainly overheating. Compared to the design option that adopts external insulation only, design alternatives 2 and 3 with MPC are able to improve thermal comfort to a greater extent, but this is due to the poor thermal comfort performance of the corresponding static insulation reference case. Moreover with the first two modulation ranges of adaptive insulation (50%, A and 90%, B) this design alternative is able to achieve high performance improvements (25e40% for both objectives), while increasing further the insulation switching range to C, D and E yields limited additional performance improvements. Doubling the maximum insulation level achievable by the adaptive insulation (difference between design alternative 2 and 3) has a very low effect on the performance improvement. Therefore even when adaptive insulation is adopted, increasing the maximum insulation level achievable beyond a certain level has a very low effectiveness.
If no thermal mass is adopted together with the adaptive insulation (design alternative 8, Fig. 8d ), only C4 and C5 are able to decrease energy use among the rule-based control strategies, but, as MPC, they are unable to increase global thermal comfort. Moreover predictive control is far less effective at reducing energy compared to when used in conjunction with thermal mass.
When the adaptive insulation layer is placed internally (5) or in the middle of the thermal mass (7), as shown in Fig. 8c , none of the control strategies considered is able to improve either energy or comfort, unless a wider range is used for MPC (i.e. MPC with RD or RE).
By comparing different design alternatives it is clear that design solutions adopting an adaptive insulation layer on the external side of a heavy weight opaque construction (2, 3 and 4) are by far the best solutions in terms of both reduction in energy use and improved global thermal comfort.
As far as the best rule-based control strategies are concerned (C2, C3, C4 and C5), which are the most adopted one in both simulation studies [7e10] and in real building applications [11] , the choice depends on the design alternative considered very different considerations could be done. For example if thermal mass is placed between two adaptive insulation layers the best control strategies are C2 and C3 (the one adopting considering only cooling/heating energy loads and/or different between outdoor and indoor temperature, respectively). Although if no thermal mass is adopted control strategies considering also the presence of solar radiation and internal loads (C4 and C5) present a higher performance.
Compared to rule based control strategies adopted in this study, MPC presents by far the best performance achievable in terms of building energy use and thermal comfort. In Fig. 9 the performance of only MPC controlled design alternatives is shown, for each different design alternative (represented by a different line) and for the different switching ranges (represented by the grey-scale colour of the data point) in absolute and relative terms compared to the static reference ( Fig. 9a and b respectively) . By comparing for the same range (i.e. RE, white coloured data points) different design alternatives, it is possible to assess the effect of: a) doubling the maximum insulation level achievable (difference between design alternative 2 and 3); b) adopting only one external adaptive insulation rather than two independent ones (difference between 2 and 4); c) using the adaptive insulation in conjunction with thermal mass or not (difference between 4 and 8). In particular placing the controllable insulation externally to the thermal mass (design alternatives 2, 3 and 4) increases the energy saving potential of the adaptive insulation system to the greatest extent. While comfort improvements are possible only if a sufficient amount of thermal mass is present; in fact, when no thermal mass is available, the ability to control the insulation level results in lower global thermal comfort than the static alternative. The high relative improvement in thermal comfort for design alternative 2 and 3, depends largely on the low performance of the reference static design alternative, but in absolute terms the thermal comfort performance is not significantly higher than design alternative 4.
The conditional formatting of Table A1 and A2 highlights that with rule based control strategies investigated in this study, it is not possible to achieve a good trade-off between energy use and thermal comfort, and most of them are only able to improve one performance objective at a time. Although C5 did take into account wall surface temperature, it still failed to outperform MPC. In contrast MPC adopting multi-objective optimisation is able to provide whenever possible (due to the position of the adaptive insulation and the amount of thermal mass) a performance improvement for both energy use and global thermal comfort.
Generally a wider switching range always results in a larger difference between the static insulation performance and an adaptive one irrespective of the control strategy considered, except in the case where the adaptive insulation is placed internally, as in this case an uninsulated construction yields better yearly performance than an insulated one. The relationship between adaptive modulation range and performance improvement can vary with the position of the adaptive insulation relative to the thermal mass and to the amount of thermal mass, in fact, with the same amount of insulation distributed between two independently controllable insulation layers (one internal and one external to the thermal mass), a higher performance improvement is achievable with lower modulation ranges compared to when the adaptive insulation is all located in an external layer (Fig. 9b) .
Discussion
In the current case study, MPC presents an advantage over rule-based control strategies. During the design process, considering only one or few rule based control strategies may bias the results of the performance evaluation of an adaptive building component. The use of more advanced simulation strategies which allows to simulate and optimise advanced control strategies, like MPC, could have a significant difference on the final product performance.
However, the real-world implementation of MPC would involve a higher cost compared to rule base one, as well as a bigger challenge in ensuring the accuracy of predicted performance. The fact that different parts of the building usually adopt different control strategies even increases the complexity further. In order to implement real-time MPC, compared to rule based control, a calibrated building model, correct estimates of weather and endogenous loads, and a larger number of sensors for updating the model according to the acquired measurements are required [27] . Additionally, real-time MPC requires much longer computational time, but parallel computing techniques and high-speed computer could effectively compensate. Although it is observed that the MPC operated adaptive insulation presents a number of controlled actions per day which is lower than rule based control strategies (C2, 3 and 4) . From a frequency analysis on the control actions, it appears that a maximum of 3 actions per day are performed for all different design alternatives and control ranges for 80% of the time. In particular during winter and summer an average of 2 ± 1 (CI 95%) control actions per day are recorded, while during part of the mid-season an average of 4 ± 1 (CI 95%) control actions per day are observed for the MPC control. From the previous analysis (Section 3.3) it was observed that these control actions may be related, depending on the season, to external boundary conditions, such as outdoor temperature and incident solar radiation, internal boundary conditions, such as occupation, endogenous loads and air temperature set points, and/or to building states, such as indoor air temperature and wall internal surface temperature. Therefore it may be possible to use the simulated deterministic MPC to extract simpler rules to bridge the gap between MPC and simple rule based control strategies, although a small decrease in operational performance compared to the simulated MPC may be expected. The effectiveness of an MPC rule extraction technique has already been proven by simulation [28] and with experiments [29] for thermally active buildings. Therefore, further research is needed to verify its applicability to adaptive insulation integrated with the thermal mass of an opaque wall. Once this is done, a more comprehensive comparison between rule-based control (with rules extracted from MPC) and MPC strategies could be performed. In this way it is possible to eliminate the need for a calibrated building model and on-line optimisation during building operations, and to reduce the number of sensors needed.
The MPC strategy presented in this study is a virtual construct. No weather forecast uncertainties and occupant influences are assessed at this stage. However, the implementation of MPC in real buildings (as well as RBC extracted from MPC) may suffer from the dependency on input data (weather, endogenous loads and occupant actions) and their uncertainty, compared to simulated MPC [29] . Therefore future work with the aim of improving the accuracy of weather predictions, endogenous loads and occupant actions and interaction with building elements, and quantifying their uncertainty would be very worthwhile.
The way the MPC and the rule based control strategies are operated and perform in this building context are due not only to the specific climatic boundary conditions, but also to the specific type of building analysed (office building with pre-defined day time occupation, specified endogenous loads, air temperature set points, etc). It should be noted that if any of these design conditions change, the results may be different. For example, in a residential building, characterised by endogenous loads (and indoor air set points) patterns which are often non contemporary to high solar radiation, different control patterns may be present for the MPC, and a different performance level may be achievable. Therefore the impact of the different control strategies on other types of climates and building types are yet to be addressed.
The present simulation case study relies on the accuracy and reliability of the simulation model adopted for the adaptive insulation. Although a qualitative validation of this model for the present case study is provided in Part 1, this is only partial and a complete and experimental validation of the "SurfaceControl:MovableInsulation" model of EnergyPlus would be needed.
In terms of design parameters, only some of them are explored, such as the amount and position of thermal insulation and thermal mass, and the range of adaptive insulation achievable. Although other design aspects need to be investigated, such as the influence of external surface solar absorption and emissivity and the variability of the maximum value of adaptive thermal insulation achievable.
Conclusions
This paper presents a parametric study on the performance of adaptive insulation envelope systems for an office room application in a temperate climate of Shanghai, using an optimisation system developed for adaptive insulation in Part 1. The parametric study analysed both design and control parameters of an adaptive insulation system, to optimise the building performance in terms of total energy use and global thermal comfort. Parameters such as the amount and position of the adaptive insulation with respect to the thermal mass of the opaque wall, the amount of thermal mass exposed to the indoor environment, different rule based and predictive control strategies, different modulation ranges of the adaptive insulation, are varied. The following major conclusions could be drawn from the results:
(1) The use of adaptive insulation, if properly controlled and designed, can effectively modulate heat gains and losses between the outdoor and indoor environment, also enhancing the exploitation of available solar radiation in the indoor environment, contributing to reducing heating and cooling energy use, and improving occupant global thermal comfort; (2) a careful selection of the amount of thermal mass and position of the adaptive layer is needed at the design stage, together with an optimisation of the control strategy. In particular, the design alternatives in which the adaptive insulation layer is placed on the external side of the thermal mass of the opaque construction coupled with predictive control, present high performance in terms of heating and cooling energy use, as well as global thermal comfort. In fact, the two aspects, design and control, are mutually interrelated if rule based control is adopted; (3) a wider switching range generally results in higher performance, whenever the correct control strategy is adopted; (4) the control strategy adopted has a major impact on the energy and thermal comfort performance. When adopting an MPC control strategy, 10e50% energy saving and thermal comfort improvement could be achieved, depending on the adaptive insulation design (thermal mass, position on the adaptive insulation, modulation range of insulation), compared to the performance of the relative static insulation. Moreover, if an incorrect control strategy is adopted, the building performance could be decreased with respect to the corresponding static case, and the potential of an adaptive insulation could be underestimated; (5) the best control strategy investigated in this study for all design alternatives is the MPC. This control strategy has the advantage of optimising both energy use and thermal comfort if multi-objective optimisation is adopted. This is because MPC is the result of an optimisation process, while the rule-based control strategies used for comparison could be sub-optimal in the specific climate and building under investigation. Although these results quantify the maximum achievable performance of an adaptive insulation system and, as it maximises the energy saving achievable, it may make adaptive insulation system more financially viable; (6) the adaptive insulation for similar type of building in climates where heating and cooling loads are balanced may outperform the intrinsic limitation of static insulation systems at improving energy use and thermal comfort simultaneously. Although the magnitude of the performance improvement is case specific and largely depends on design and control parameters of the adaptive insulation. 
